Introduction {#S0001}
============

Cardiovascular events are the main cause of death in patients with end stage renal disease \[[@CIT0001], [@CIT0002]\]. Renovascular atherosclerotic diseases are responsible for one-third of deaths in end stage renal disease \[[@CIT0003]\]. Atherosclerosis is an inflammatory disease which is accompanied by increased mortality and morbidity \[[@CIT0004]\]. One of the major hypothetical changes in endothelial function during atherogenesis is the increase of endothelial permeability to atherogenic lipoproteins such as oxidized low density lipoprotein (LDL) \[[@CIT0005]\].

Autopsy \[[@CIT0006]\] and clinical studies \[[@CIT0007]\] demonstrated that atherosclerotic plaque in coronary arteries of patients under dialysis is higher than in the normal population. Several possible mechanisms have been suggested for accelerated atherosclerosis in chronic renal failure including increased lipoprotein (a), higher oxidative stress, endothelial dysfunction, hyperhomocysteinemia and elevated tumor necrosis factor-α \[[@CIT0003], [@CIT0008]--[@CIT0010]\], However, the exact mechanism is not exactly determined.

Metabolic acidosis is present in end stage renal disease, which begins as early as when the creatinine clearance decreases below around 30 ml/min. Studies indicated that acidosis increases oxidation of LDL, which is involved in development of the atherosclerotic lesion \[[@CIT0009], [@CIT0011]\].

Nitric oxide is not only an important marker for endothelial function, but also has several key functions in vascular homeostasis \[[@CIT0012], [@CIT0013]\]. The objective of this study was to evaluate the effect of experimentally induced metabolic acidosis on aortic endothelial permeability and serum NO concentrations in normal and high-cholesterol fed rabbits.

Material and methods {#S0002}
====================

Animals {#S20003}
-------

Twenty-four male rabbits weighing 1.7-2 kg were purchased from the Pasteur institute of Iran. The animals were kept in an animal room with a 12 h light/dark cycle with temperature 22-25°C. All animals had free access to standard chow and drinking water according to the experimental protocol. All experimental procedures were designed and performed in accordance with the guidelines of the animal care committee of Isfahan University of Medical Sciences.

Experimental protocol {#S20004}
---------------------

After one week habituation, arterial blood samples were taken for pH, bicarbonate and base excess measurements. Sera were stored at −70°C for further analysis of serum lipids and NO levels. Then, the animals were divided into normal and hypercholesterolemic groups and each group was divided into acidemic and non-acidemic groups. Experimental groups were as follows:

-   group 1 (*n* = 6): hypercholesterolemic + drinking water containing ammonium chloride (NH~4~Cl);

-   group 2 (*n* = 6): hypercholesterolemic + drinking water;

-   group 3 (*n* = 6): normal diet + drinking water containing NH~4~Cl.

-   group 4 (*n* = 6): normal diet + drinking water.

Hypercholesterolemic groups received a cholesterol-rich diet (1%), prepared by adding 1 g of pure cholesterol (Merck, Germany) in 4 ml of olive oil to 0.1 kg of commercial rabbit chow \[[@CIT0014], [@CIT0015]\]. Metabolic acidosis was induced by adding 0.75% NH~4~Cl (Sigma) in drinking water ad libitum as previously described \[[@CIT0016]\]. Body weight was measured during the experiment.

Measurement of endothelial permeability {#S20005}
---------------------------------------

After 6 weeks, the animals were anesthetized by intraperitoneal injection of ketamine (100 mg/ kg). Left femoral artery and vein were cannulated using a polyethylene catheter (PE-50) and blood samples were taken. Endothelial permeability was measured using the Evans blue (EB) dye injection method \[[@CIT0017]\]. This technique is based on the principle that EB dye binds to the intravascular albumin. Briefly, EB (Merck, Germany) diluted in normal saline (20 mg/ml) was administered through the right femoral vein catheter. After 3 h, allowing circulation of the dye, the animals were sacrificed. Heart and aorta (from base of heart to renal arteries) were isolated and cleaned from surrounding connective tissues and weighed, immediately. Then, the tissues were placed in formamide solution for 24 h at room temperature for EB dye extraction. The extracted amount of EB was determined by a spectrophotometer at 620 nm wavelength. The results were plotted on a standard curve of EB in 0.2 to 10 µg/ml formamide using regression analysis to find the relationship between EB concentration and optical density. Concentration of EB in these tissues was expressed as µg EB/g tissue.

Serum NO measurement {#S20006}
--------------------

Serum NO concentrations were determined by evaluation of its metabolite (nitrite) by the Griess reagent method (Promega Corp, U.S.A, Cat\#G2930) using available reagents. Briefly, serum samples were added to the wells (96-well enzymatic assay plate). Sulfanilamide solution was added to all experimental samples, and after incubation, N-1-naphthylethylenediamine dihydrochloride solution was added. Then, absorbance was measured by a microreader at the wavelength of 450 nm. Samples' NO concentrations were determined in comparison to a nitrite standard reference curve. The limit detection was 2.5 µM nitrite.

Statistical analysis {#S20007}
--------------------

Data are reported as mean value ± SEM. SPSS version 16 was used for data analysis. Comparison of data between groups was performed using ANOVA. Paired data were analyzed by paired *t*-test. Value of *p* less than 0.05 were considered statistically significant.

Results {#S0008}
=======

Serum pH, bicarbonate and base excess {#S20009}
-------------------------------------

Serum pH, bicarbonate and base excess before and after experiments are shown in [Table I](#T0001){ref-type="table"}. In groups 1 and 3 who received NH4Cl, serum pH, bicarbonate and base excess were significantly lower than other groups (*p* \< 0.05).

###### 

Results of pH, bicarbonate and base excess at the end of the experiment

  Variable                Normal diet   Normal diet + acidemic                          Hypercholesterolemic   Hypercholesterolemic + acidemic
  ----------------------- ------------- ----------------------------------------------- ---------------------- --------------------------------------------------
  pH                      7.48 ±0.00    7.30 ±0.04[\*](#TF0001){ref-type="table-fn"}    7.44 ±0.01             7.31 ±0.02[\*\*](#TF0002){ref-type="table-fn"}
  HCO~3~ ^--^ \[meq/l\]   21.24 ±0.75   16 ±1.71[\*](#TF0001){ref-type="table-fn"}      23.10 ±0.92            14.66 ±1.04[\*\*](#TF0002){ref-type="table-fn"}
  Base excess             0.1 ±0.67     --8.05 ±2.1[\*](#TF0001){ref-type="table-fn"}   0.5 ±0.85              --9.01 ±1.06[\*\*](#TF0002){ref-type="table-fn"}

p \< 0.05 when compared with normal diet group

p \< 0.05 when compared with hypercholesterolemic group

Serum lipids profile {#S20010}
--------------------

At the end of the experiment, hypercholesterolemic animals who received cholesterol 1% had significantly higher serum cholesterol and LDL levels compared with normal diet groups (*p* \< 0.05) ([Table II](#T0002){ref-type="table"}). Acidosis increased the serum cholesterol level in normal and hypercholesterolemic animals, although it was not statistically significant (*p* \> 0.05).

###### 

Serum lipid profile in all experimental groups before (pre) and at the end of the experiment (post)

  Time           Pre             Post                                                                                                                           
  -------------- --------------- --------------- ------------- --------------- -------------- --------------- ------------------------------------------------- -------------------------------------------------
  Cholesterol    72.90 ±6.27     70 ±5.69        74.90 ±7.23   79.80 ±5.01     97 ±17.57      111.17 ±18.59   507.70 ±28.31[\*](#TF0003){ref-type="table-fn"}   569.67 ±26.01[\*](#TF0003){ref-type="table-fn"}
  Triglyceride   126.56 ±12.66   123.10 ±11.03   112 ±13.76    113.60 ±11.65   189.2 ±31.89   202.1 ±75.61    200.13 ±27.85                                     296.67 ±54.92
  HDL            12 ±2.1         12.60 ±2.46     13.70 ±2.81   14.80 ±1.66     16.86 ±5.27    22 ±6.18        218.1 ±19.26[\*](#TF0003){ref-type="table-fn"}    257.56 ±16.58[\*](#TF0003){ref-type="table-fn"}
  LDL            32.78 ±3.26     35.67 ±3.76     38.80 ±4.48   40.44 ±3        36.77±3.36     38.6 ±4.87      254.68 ±9.26[\*](#TF0003){ref-type="table-fn"}    252.78 ±12.29[\*](#TF0003){ref-type="table-fn"}

p \< 0.05 when compared with normal diet groups

Endothelial permeability {#S20011}
------------------------

Aortic endothelial permeability (expressed as quantitative extravasation of EB) in high-cholesterol fed animals was significantly higher than in those in the normal diet group (16.18 ±0.91 µg EB/g tissue vs. 12.89 ±0.66 µg EB/g tissue; respectively). Acidosis increased endothelial permeability in the normal diet group (*p* \< 0.05) but did not further increase endothelial permeability in the hypercholesterolemic group ([Figure 1](#F0001){ref-type="fig"}).

![Aortic endothelial permeability in all groups\
\*p \< 0.05 when compared with normal group](AMS-8-19278-g001){#F0001}

Serum NO concentration {#S20012}
----------------------

[Figure 2](#F0002){ref-type="fig"} illustrates that serum NO levels in hypercholesterolemic animals were significantly higher than the normal group (*p* \< 0.05). Acidosis could not change serum NO concentrations either in normal or in hypercholesterolemic groups ([Figure 2](#F0002){ref-type="fig"}).

![Serum NO concentration before and after experiment\
\*p \< 0.05 when compared with normal group](AMS-8-19278-g002){#F0002}

Discussion {#S0013}
==========

Incidence of cardiovascular disease in patients with end-stage renal disease is 20 times higher than the normal population and is responsible for 40-50% of all deaths in these patients \[[@CIT0003]\]. Atherosclerotic plaque is found in 30% of patients with chronic renal disease \[[@CIT0003]\]. Although several mechanisms have been suggested for accelerated atherogenesis in renal insufficiency, the exact mechanism of atherosclerosis is not completely determined.

Acidosis is one of the features of end stage renal disease. There are few studies on the role of acidosis in atherogenesis. For the first time, Tavor *et al*. indicated an association between acidosis and atherosclerosis \[[@CIT0016]\]. In the present study, we investigated the effect of metabolic acidosis on endothelial permeability as well as serum NO and lipid concentrations in normal and high-cholesterol fed animals. We found that hypercholesterolemic groups had higher serum cholesterol and LDL levels and acidosis could not significantly change these values. Therefore, it seems that alteration of lipid profile is not responsible for accelerated atherosclerosis in metabolic acidosis.

We also investigated the effect of acidosis on endothelial permeability. It is established that there is a link between endothelial permeability, retention of oxidized LDL in the intima of arteries and progression of atherosclerosis \[[@CIT0005]\]. The present study demonstrated that hypercholesterolemic animals had higher aortic endothelial permeability compared with normal diet groups. In agreement with our observation, LaMack *et al*. indicated that endothelial permeability to albumin in hypercholesterolemic pigs was higher than in those on a normal diet \[[@CIT0018]\]. Our results indicate that acidosis increased aortic endothelial permeability in animals with a normal diet, but did not further increase endothelial permeability in the hypercholesterolemic group. Previous studies demonstrated that acidosis, by itself, can predispose to oxidation of LDL, which has a key role in progression of atherosclerosis plaque \[[@CIT0009], [@CIT0011], [@CIT0019], [@CIT0020]\]. Acidosis is associated with reduced synthesis of Apo A through enhanced DNA binding activity of a repressor of apolipoprotein A gene \[[@CIT0019]\]. Furthermore, acidosis increases interaction of arterial glucosaminoglycan with plasma LDL \[[@CIT0016]\].

The present study also demonstrates that hypercholesterolemic animals had a higher serum NO level compared with normal-diet animals, which supports the results of previous studies \[[@CIT0021]--[@CIT0023]\]. This may be a protective response of endothelial cells in the early stage of atherosclerosis \[[@CIT0021]\]. Moreover, NO synthase is increased in atherosclerotic blood walls \[[@CIT0023]\].

In conclusion, it seems that alterations of serum lipid profile and NO concentration are not the main mechanisms for accelerated atherosclerosis in metabolic acidosis. However, acidosis increases aortic endothelial permeability, which may be a possible mechanism for accelerated atherosclerosis. Further studies are needed to understand the complete mechanism.
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